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Abstract 
The roles of grain boundary microstructure in fatigue crack propagation during cyclic deformation were investigated in order to 
evidence the utility of grain boundary engineering for control of fatigue crack propagation in SUS304 austenitic stainless steel. It 
was found that the polycrystalline specimen with a higher fraction of low-6 boundaries shows a lower crack propagation rate 
than the specimen with a lower fraction of them. Grain boundary microstructures play important role in the deflection, path and 
the local propagation rate of fatigue crack. The introduction of a higher fraction of {111}63 boundaries leads to a lower 
contribution of intergranular fracture to the total crack length and a lower local propagation rate of fatigue crack in SUS304 
stainless steel. 
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1. Introduction 
Grain boundary engineering (GBE) based on the concept of “grain boundary design and control [1]” has been 
attempted to development of high performance structural materials. GBE is achieved by controlling the “grain 
boundary character distribution (GBCD)” or by introducing a high fraction of low-6 coincidence site lattice (CSL) 
boundaries of low boundary energy which have lower propensity to intergranular fracture, corrosion and segregation, 
enhancing brittle fracture in polycrystalline materials [2-7]. In particular, it has been reported that fcc metals and 
alloys with low stacking fault energy can introduce a very high fraction of 63-related (6 = 3n) CSL boundaries in 
connection with the formation of annealing twin. It has been reported that fatigue crack predominantly nucleate at 
the {111}/63 boundaries, i.e. coherent twin boundaries in fcc materials [8,9], while they possess the lowest grain 
boundary energy and the highest intergranular fracture strength under static deformation [10-12]. Heinz and 
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Neumann have observed the preferential cracking at {111}/63 boundaries in austenitic stainless steel during high 
cycle fatigue [9]. They suggested that fatigue cracking at {111}/63 boundaries results from the stress concentration 
produced by extensive interaction between {111}/63 boundary and localized crystal slip during cyclic deformation. 
Recently, the present authors have found that low-6 boundaries (including 63 boundaries) show higher fracture 
resistance than random boundaries and that fatigue cracks are observed only when the trace of low-6 boundaries is 
parallel to persistent slip bands on the specimen surface, in high-cycle fatigue test of polycrystalline pure aluminum 
[13]. 
On the other hand, there has been only a little basic work on the effect of grain boundaries on fatigue crack 
propagation in fcc materials [14]. Kaneko et al. [14] have reported that fatigue crack propagation occurs near 
coherent twin boundaries in copper bicrystals. They have revealed that the propagation of fatigue crack strongly 
depends on the deviation angle from the exact coincidence orientation for observed {111}/63 boundaries. The 
fraction of intergranular crack path  was higher in the bicrystals having the deviation angle ranging from 3° to 5°, 
while fatigue cracks predominantly propagated in the grain interior when the deviation angle was smaller than 3° or 
larger than 9°. From these findings obtained by the previous work, it can be said that {111}/63 boundaries do not 
always degrade the fatigue property in fcc materials. There have been not many studies on the effect of GBCD on 
the fatigue property in polycrystalline materials [15-18]. Recently, the present authors have investigated the effect of 
the GBCD on the propagation rate of fatigue fracture in SUS304 austenitic stainless steel [18]. We have found that 
the propagation rate of fatigue crack is reduced by increasing the fraction of {111}/63 boundaries. However, a 
further investigation is required to establish GBE for improvement in the fatigue fracture strength of polycrystalline 
fcc materials with low stacking fault energy, taking serious consideration into the effect of the character and 
distribution of grain boundaries on fatigue crack propagation. 
In this work, the roles of grain boundaries with different characters in the propagation of fatigue crack were 
investigated to establish the utility of grain boundary engineering for controlling fatigue crack propagation in 
SUS304 austenitic stainless steel, paying particular attention to the effects of the grain boundary character 
distribution (GBCD) on the deflection angle, path and local propagation rate of fatigue crack during cyclic 
deformation. 
2. Experimental procedure 
Fully pre-annealed SUS304 stainless steel sheets were subjected to cold rolling to 5% (Type A) and 20% (Type 
B) in strain and subsequently annealed at 1273 K for 3.6ks, as in the previous work [18]. The compact type (CT) 
specimens (ASTM standard E-647 [19]) for fatigue crack propagation test were cut from the annealed sheets with a 
spark machine. The dimensions of the specimen were 30 mm wide and 3.0 mm thick. The surface of the specimens 
was mechanically polished and subsequently electrolytically polished to remove residual strain near surface layer. 
Finally, the specimen surface was weakly etched to evaluate the relationship between propagation path and grain 
boundary microstructure. 
Field emission-scanning electron microscopy (FE-SEM)/ electron backscattered diffraction (EBSD)/ orientation 
imaging microscopy (OIM) was applied to quantitative analyses of grain boundary microstructure of pre- and post-
fatigued specimen. Grain boundaries were characterized according to the standard method [20] based on the CSL 
concept and the Brandon’s criterion, 'T = 15/61/2 [21]. It is well known that CSL boundaries with 6-value  29 
show such special properties that high-energy random boundaries never show  
Fatigue crack propagation tests were carried out by using a servo-hydraulic machine (Shimadzu, Servopulser) in 
air at room temperature. Sinusoidal loading on different levels were applied at the load ratio of R = 0.1 and at the 
frequency of 5 Hz. Fatigue tests were carried out under the stress intensity factors, 'K, ranging from 28 to 90 
MPam1/2. 
In situ observations of fatigue crack propagation were made by using the 2D-motion capture system (Detect, 
Motion-Pro) consisting of a CCD camera mounting a high magnification long lens, a computer with an A/D 
converter and a video capture card, and a monitor. In this observation system, the images of fatigue cracks are 
captured only when the sinusoidal load reaches a preset value in the computer at a regular interval via CCD camera 
and video capture card. The length of propagation path and the local propagation rate of fatigue cracks were 
quantitatively evaluated in connection with characteristic features of grain boundary microstructures for tested 
specimens. 
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3. Results and discussion 
3.1. Grain boundary microstructure in SUS304 stainless steel specimens 
Figures 1 (a) and (b) show the grain boundary 
characterized (GBC) micrographs with the average 
grain size, the inverse pole figure and the grain 
boundary character distribution for Type A and  Type 
B specimens, respectively. In the GB characterized 
micrograph, low-angle (2°-15°), 63, other 6 and 
random boundaries are shown by thick grey lines, 
thick black lines, black lines and thin black lines, 
respectively. The average grain size for Type A and 
Type B specimens was 23 Pm and 22 Pm, 
respectively. As shown in inverse pole figures in Fig.1 
(a) and (b), the grain orientations for both specimens 
were randomly distributed. The post-annealed 
specimens have a high density of annealing twin and 
had a high fraction of {111}/63 coherent twin 
boundaries. Particularly, Type A specimen which 
subjected to cold-rolling to 5 % shows a high fraction 
of {111} 63 boundaries. The total fraction of low-6 
boundaries for Type A and Type B specimen was 
73 % (63: 58 %) and 53 % (63: 39 %), respectively.  
3.2. Effect of GBCD on fatigue crack propagation rate in SUS304 stainless steel 
Figure 2 shows the propagation rate of fatigue 
crack as a function of the stress intensity factor for 
Type A and Type B specimens. In both specimens, the 
log crack propagation rate was proportional to the log   
stress intensity factor 'K for the 'K values ranging 
from 32 to 95 MPam1/2, following the power-law 
behavior. The propagation rate of fatigue crack for 
Type A specimen became lower than that for Type B 
specimen for each 'K values in the power-law 
behavior region. Thus, the higher fraction of low-6 
boundaries induced the lower propagation rate of 
fatigue crack in SUS304 stainless steel. 
The threshold value of stress intensity factor was 
hardly changed by the difference of the fraction of 
low-6 boundaries. The threshold value of stress 
intensity factor in both specimens was estimated about 
25 MPam1/2.  
3.3. Roles of grain boundaries in fatigue crack propagation 
The roles of grain boundaries with different characters in propagation process of fatigue crack were investigated 
to clarify the reason why the specimen with a higher fraction of low-6 boundaries shows a lower propagation rate of 
fatigue crack. Figure 3 shows an example of optical micrographs of fatigue crack on both sides of specimen surface 
of Type A specimen cyclically deformed at the stress intensity factor of 50 MPam1/2 to 12,000 cycles. In this figure,  
 
Fig.1 Grain boundary characterized micrographs with the data of the 
average grain size, the inverse pole figure and GBCD for (a) Type A 
and (b) Type B specimens. 
 
Fig.2 Relationship between the crack propagation rate and the stress 
intensity 'K, for Type A and Type B specimens. 
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Fig. 3  Optical micrographs showing  fatigue crack propagation observed on both sides of specimen surface of Type A specimen. 
 
the white lines drawn along the fatigue crack mean the crack path where crack propagates along grain boundaries. 
The fatigue crack predominantly propagated in the manner of transgranular fracture. It was found that the 
propagation path and length of fatigue crack on one side of specimen surface was quite different from the other side, 
depending on the microstructure observed on specimen surface. Several important features have been found which 
further demonstrate the effects of GB microstructure on the local propagation path and propagation rate of fatigue 
crack in SUS304 stainless steel, as indicated below. 
Figure 4 shows the deflection angle of fatigue crack propagating across grain boundaries as a function of the 
misorientation angle of associated boundaries. The deflection angle was defined as the difference in the angle 
between the directions of pre-and post-propagated crack across individual grain boundaries. The low-angle 
boundaries never deflected fatigue crack, while fatigue crack was deflected at the angle ranging from 26° to 67° 
when propagated across random boundaries. The deflection angle of fatigue crack across random boundaries tends 
to increase with increasing the boundary misorientation angle. Of particular interest is that the deflection angle of 
fatigue cracks across the {111}/63 boundaries (with the misorientation angle of around 60°) largely spreads between 
0° and 51°. Some other low-6 boundaries such as 69 and 617 show the relatively small deflection angle ranging 
from 20° to 30°. It is evident that the deflection angle does not monotonously increase with increasing the 
misorientation angle, depending on the type of grain boundaries associated with crack propagation.  
Figure 5 shows the fraction of the segment length of intergranular crack to the total crack length as a function of 
the stress intensity factor, 'K. The fraction of intergranular crack increases with increasing 'K value, for both Type 
A and Type B specimens. It is clear that the fraction of intergranular crack is higher for Type B specimen with a 
higher fraction of random boundaries (R=47%) than Type A specimen with a lower one (R=27%) at the same 'K 
values. It should be noted that intergranular fracture occurred only at random and 63 boundaries in both Type A and 
Type B specimens, having the total frequency of fractured random and 63 boundaries of 72% and 28%, respectively. 
 
 
Fig. 5 The fraction of segment length of intergranular crack to the 
total crack length against the stress intensity factor. 
 
Fig. 4 The deflection angle of fatigue cracks propagated across 
grain boundaries as a function of the boundary misorientation 
angle 
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3.4. Effect of grain boundary character on the  local propagation rate of  fatigue crack 
In-situ observations of fatigue crack propagation were made in order to study the effect of the grain boundary 
character on the local propagation rate of fatigue crack in SUS304 stainless steel. Figure 6 shows the characterized 
GB micrograph and the local change in the propagation rate corresponding to the respective positions in the GB 
micrograph for Type A specimen resulted in fatigue crack propagation test at the initial 'K of 35 MPam1/2. The 
value of 'K was increased from 35 MPam1/2 to 38.6 MPam1/2 during crack propagation in the studied region. In this 
figure, dotted lines and bands in between indicate that the fatigue crack propagated in neighboring grains and along 
grain boundaries. It was found that the local crack propagation rate strongly depends on grain boundary 
microstructure. The propagation rate was affected when fatigue crack crossed grain boundary.  A change of the 
crack propagation rate was observed when the crack crossed both 63 boundaries and random boundaries. Moreover, 
the local crack propagation of fatigue crack was reduced when the crack propagated along 63 boundaries, while the 
local crack propagation rate was remarkably increased along random boundaries.  
Figure 7 shows the dependence of the local propagation rate on the crack path: the propagation rate varies 
depending on whether crack is propagating across or along grain boundaries with different characters or in the grain 
interior, on the used levels of 'K. The local propagation rate of fatigue crack across grain boundary is lower for 63 
boundaries than that for random boundaries. The local propagation rate along 63 boundaries was lower than that in 
the grain interior. Since the propagation path and rate of fatigue crack strongly depend on the local grain boundary 
microstructure, they do not remain constant in bulk specimens, as shown in Fig. 3. Therefore, it is suggested that the 
crack propagation rate for Type A specimen can be lower than that for Type B specimen because the local crack 
propagation in the former would be more frequently inhibited due to the presence of a higher fraction of 63 
boundaries (58%). A similar study with two-dimensional polycrystalline specimen will be able to reveal the effect of 
the grain boundary microstructure on the fatigue crack propagation, in simpler test condition. 
 
 
3.5. Grain boundary engineering for control of fatigue crack propagation in austenitic stainless steel 
Finally, let us discuss the applicability of the grain boundary engineering to controlling fatigue crack propagation 
in austenitic stainless steel. It has been revealed that the fraction of intergranular crack segment to the total crack 
path length is controlled by introducing a higher fraction of fracture-resistant low-6 boundaries. The propagation of 
fatigue crack is affected by the presence of grain boundaries, when the crack propagates across and along grain 
 
Fig. 7 Relationship between the local propagation rate of fatigue 
crack and the type of grain boundaries where crack propagated. 
 
Fig. 6 Effect of grain boundary characters on the local propagation 
rate of fatigue crack in Type A specimen. 
Shigeaki Kobayashi et al. / Procedia Engineering 10 (2011) 112–117 117
boundaries, particularly 63 boundaries. Therefore, it is not difficult to understand that the studied austenitic stainless 
steel with fine grained structure and a high fraction of low-6 boundaries, particularly 63 boundaries, can be 
endowed with higher resistivity to fatigue crack propagation than conventionally processed specimen of the same 
material.  The present study has provided evidence for the utility of the grain boundary engineering for the control of 
fatigue crack propagation in the studied austenitic stainless steel with low-stacking fault energy. 
4. Conclusions 
The role of grain boundary microstructures in fatigue crack propagation was investigated to evidence the utility 
of grain boundary engineering for controlling fatigue crack propagation in SUS304 austenitic stainless steel. The 
main conclusions are as follows: 
1. The propagation rate of fatigue crack was lower for the specimen with a higher fraction of low-6 boundaries 
(73 %) including 63 boundaries (58 %) than for the specimen with a lower fraction of low-6 boundaries (53 %) 
including 63 boundaries (39 %). 
2. The crack deflection angle tends to be smaller for low-6 boundaries than random boundaries, when the crack 
propagates across different types of grain boundary.  The deflection angle of crack for 63 boundaries is greatly 
scattered over a range from 0° to 51°. 
3. The fraction of intergranular fracture segments to the total crack length was lower for the specimen with a higher 
fraction of low-6 boundaries than for the specimen with a lower fraction of low-6 boundaries. 
4. The local propagation rate of fatigue crack in crossing 63 boundaries became lower than when propagated across 
random boundaries and in grain interior. The local propagation rate of fatigue crack along 63 boundaries was 
lower than that in grain interior, while the fatigue crack propagation was accelerated when propagating along 
random boundaries. 
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